ABSTRACT. Six pregnant rats were made mildly hyperglycemic by intraperitoneal injection of streptozotocin on d 5 of gestation. Four control rats were injected with citrate buffer. Thirty pups born to experimental dams who had increased birth weight (birth weight >1.7 SD of mean birth weight of pups from control dams) maintained accelerated growth through 10 wk of age. At 10 wk, oral glucose tolerance tests showed higher glucose and insulin levels than the controls (n = 37). In addition to the higher body weight, the experimental rats also had higher fat weight to body weight ratios. Adipocytes of epididymal fat from obese males and periovarian fat from obese females had higher lipid content with significantly larger cell size than the adipocytes of the controls. The adipocytes of macrosomic rats showed attenuated response to insulin-stimulated glucose conversion to total lipid and fatty acid when compared with the responses seen in the adipocytes of the control rats. Interestingly, although the insulin-stimulated glucose conversion to COz was similar in macrosomic and control males, the response in the macrosomic female was blunted when compared with that of the control females. Insulin receptor binding capacities of the macrosomic rats were lower than those of the controls, which is consistent with a phenomenon of down-regulation. However, the receptor affinities were higher in the experimental animals than in controls. Therefore, a postreceptor defect may account for the abnormality in glucose metabolism in the obese rats. In conclusion, the abnormal response to oral glucose loading in these experimental obese, hyperinsulinemic rats is due to peripheral tissue insulin resistance that is probably postreceptor in nature. (Pediatr Res 28:
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Infants of diabetic mothers are at greater risk for perinatal complications than those born to nondiabetic mothers. Specifically, diabetic mothers tend to give birth to abnormally large babies (1, 2). Infants with increased birth size have also been shown to be predisposed to the development of obesity in adolescence and early adulthood (3, 4). Adolescent obesity has been associated with the manifestation of diabetes mellitus in adulthood (5) . Prevention of obesity in these subjects to minimize the incidence of adult-onset diabetes is an important public health problem.
Obesity is characterized anatomically by excessive adipose tissue mass. Glucose utilization studies of obese subjects have demonstrated a reduction in the rate of uptake of glucose from the blood (6) . It is now generally believed that this abnormal carbohydrate metabolism may be related to the development of insulin resistance of peripheral tissue. We have previously shown that the macrosomic rat pups of mildly hyperglycemic diabetic dams maintain accelerated growth through 12 wk of age and have abnormal glucose tolerance when compared with pups of control dams. The difference in weight between the two groups was shown to be due to increased fat storage in the macrosomic pups (7) . We hypothesize that the glucose intolerance in the obese offspring of hyperglycemic rats is due to insulin resistance. A potential tissue that may exhibit the blunted response to insulin stimulation is fat. Using this rat model, the following study was designed to examine the role of adipose tissue in the development of glucose intolerance in the obese offspring of hyperglycemic dams.
MATERIALS AND METHODS
Pregnant Sprague-Dawley rats were purchased from Taconic Farm, Germantown, NY. The rats were housed individually in wood-chip bedded plastic cages at 23°C with light/dark cycles of 12 h each. All animals had free access to water and commercial rat chow (Purina formula 500 1, Ralston Purina, St. Louis, MO) consisting of 23.4% crude protein, 4.5% fat, 7.3% ash, 5.0% fiber and 49.8% nitrogen-free extract. On the 5th d of gestation, streptozotocin (37 mg/kg body weight) in 0.1 M citrate buffer pH 4.2, was administered intraperitoneally. Control rats were injected with citrate buffer on the 5th d of gestation. On 13, 16, 18, 19, 20, and 21 d of gestation, between 0830 and 0930 h, dams were weighed and blood samples were collected for determination of plasma glucose and insulin levels. Blood was obtained by cutting off the tip of the tail and squeezing it gently. Rats with plasma glucose levels between 5.55 and 16.65 mmol/ L on 4 of the 5 d were designated as mildly hyperglycemic and included in the study. The success rate of obtaining mildly hyperglycemic dams in this study was 54%, i.e. six of 11 streptozotocin-treated rats. The five animals excluded from the study were two with plasma glucose concentration below 5.55 mmol/ L and three with plasma glucose concentration in excess of 16.65 mmol/L.
Pups were delivered spontaneously and nursed by their mothers. The pups were weighed within the first 12 h of life. Pups from streptozotocin-injected dams whose birth weights were r 1.7 SD (above the 90th percentile) of the mean birth weights of the control dam pups were considered macrosomic. In this study, the mean birth weight k SD of the control pups was 6.19 f 0.38 g. Therefore, pups from the streptozotocin dams with birth weights 26.84 g were included in the study. Sixty-four percent of the pups born to streptozotocin-treated dams had birth weights above 6.84 g (36 of a total of 56 pups).
To ensure similar postnatal nutritional intake, litter sizes were kept between six and 12 pups per nursing dam during the sucking period. Dams giving birth to litters of less than six or greater GELARDI ET AL than 12 pups were excluded from the study. Pups were weighed weekly up to 10 wk of age. The sexes of the pups were identified at 2 wk by examining the external genitalia. Pups were weaned at 3 wk of age. Male and female rats were then housed two to three per cage and allowed food and water ad libitum.
At 10 wk of age, oral glucose tolerance tests were performed. Rats were fasted for 15 h by removing the chow. All oral glucose tolerance tests were done without anesthesia. Basal fasting blood samples were obtained from the rats' tails in the manner previously described. A glucose solution of 5500 mmol/L in a 3 g/kg body weight dose was administered orally via a polyurethane catheter attached to a syringe. After the glucose loading, blood samples were collected from the tails at 0.5, 1.0, 2.0, and 3.5 h. The plasma was analyzed for glucose as soon as possible and the remaining plasma was frozen at -80°C for insulin assay. Plasma glucose was determined using the Yellow Springs Instruments Co. (Yellow Springs, OH) model 23A glucose analyzer. Plasma insulin levels were measured by RIA (Amersham Corp., Arlington Heights, IL) using rat insulin standards.
Two to 4 d after oral glucose tolerance testing, the rats were killed for adipose tissue study. Rats were killed by decapitation between 0800 and 1000 h. Epididymal fat from males and fat surrounding the ovaries and uterine horns from females was removed, washed in warm saline, and weighed. Fat from one to two males or two to three females was pooled to ensure adequate sample size. Blood was collected via cardiac puncture and the plasma was frozen at -80°C for glucose and insulin assay.
Adipocyte isolation and number. Adipocytes were prepared by digestion with 5.0 mL/g tissue of solution containing 530 U/mg (0.33 mg/rnL collagenase), 4.0 mg/mL BSA, and 5.55 mmol/L glucose, for 1 h at 37°C in a shaking water bath. After digestion, cells were strained through a 250-pm nylon mesh filter and washed three times with albumin/collagenase-free buffer. Cells were then resuspended in albumin/collagenase-free buffer. Adipocyte counts were performed using Oil-Red-0 (Sigma Chemical Co., St. Louis, MO), which colored intact adipocytes dark red. Cells were then counted using a hemocytometer. Additionally, a series of five samples were run in parallel on a hemocytometer and on a Becton Dickinson (Parsippany, NJ) FACS 440 laser flow cytometer. One aliquot of the cell suspension was counted under the microscope as previously described, another was incubated 5-10 min in fluorescein diacetate and the number of fluorescent cells counted in the flow cytometer.
The counts in the five samples were 1.97 x lo5, 1.8 x lo5, 8.5 x lo4, 1 . 6~ 105,and2.1 x 106,and2.2x 105,2.2x lo5, 1.1 x lo5, 1.9 x lo5 and 2.7 x 106 cells/mL for flow cytometer and hemocytometer, respectively. The hemocytometer counts ranged from 12.5 to 22.7% higher than the flow cytometer, well within an acceptable range for this study. The cell count is expressed as cells/g fat tissue.
Adipocyte total lipid content. An aliquot of cell suspension (0.5 mL) was filtered through no. 5 filter paper and rinsed with chloroform:methanol (2:l) to a final volume of 10 mL. Total lipid was then extracted overnight according to the methods of Folch and Stanley (8). After siphoning off the upper layer, aliquots of the lower layer were transferred to preweighed vials and dried. The difference in the weight of the empty vials and the vials containing dried residue was used to obtain lipid content of the sample.
Glucose oxidation. The ability of isolated adipocytes to oxidize glucose was determined according to the methods of Rodbell (9). Adipocytes were incubated for 2 h at 37°C in tubes containing Krebs-Ringer bicarbonate buffer, pH 7.4, with insulin in concentrations ranging from 0.03 to 2.5 nM and U14C-labeled glucose (0.93-1.33 x 10" Bq/mmol; New England Nuclear, Boston, MA). Tubes were gassed for 30 s with 95% 0 2 5% C02 and capped with rubber stoppers fitted with plastic wells containing filter paper saturated with hyamine hydroxide. After the termination of incubation, the filter paper was transferred to scintillation vials and counted.
The adipocytes were transferred to 10 mL of chloroform:methanol (2: 1) and total lipid was extracted as previously described. Aliquots of the lower layer were dried and counted for total I4C-lipid content.
To measure glucose carbon incorporation into fatty acids, an aliquot of the lipid extract was saponified by adding alcoholic-KOH (95% ethanol and 40% KOH) and heating for 1 h at 80°C in a water bath (10). After adding water and hexane, an aliquot of the lower phase was dried and counted for radioactivity to determine fatty acid content.
Insulin binding studies. An aliquot of the isolated fat cells was suspended in Krebs-Ringer phosphate buffer, pH 7.4, containing 2% serum albumin and 5 mM glucose. The cells were then incubated for 1 h at 23°C with 1251-labeled insulin (8.14 x lo7 Bq/mmol, New England Nuclear) with the addition of unlabeled insulin in concentrations ranging from 0.033 to 19 nM. Incubation was terminated by adding excess buffer and centrifuging for 30 min at 3000 x g. The tubes were rinsed twice and recentrifuged. The pellets were counted in a gamma counter. In addition, a series of binding experiments were also terminated by centrifuging a 100-pL aliquot of cells with 200 pL of oil. The two techniques yielded similar values for binding affinity and capacity. All studies were done in triplicate. o C o n t r o l ( n = I 6 1 E x p t l .
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Statistical analysis. Statistical significance for changes in body
weight with reference to age was analyzed by repeated-measures analysis of variance. Differences in oral glucose tolerance and glucose conversion to COz, triglyceride, and fatty acid with reference to insulin concentration were analyzed by analysis of variance ( 1 1). Insulin receptor binding competition curves were analyzed according to the methods of Scatchard (12).
RESULTS
As we have shown previously (7), the streptozotocin-treated pregnant dams had significantly higher plasma glucose and lower plasma insulin levels during the last week of gestation. Figure 1 shows the body weight changes of the pups through 10 wk of age. Both male and female pups of streptozotocin-treated dams, who were macrosomic at birth, maintained higher body weights throughout the first 10 wk of age. In Figure 2 , oral glucose tolerance tests at 10 wk of age show that the male rats in the experimental group had higher plasma glucose levels at 0.5 h after glucose loading when compared with control males. The plasma insulin levels of the experimental males were significantly elevated at all time points. Female experimental rats showed elevated plasma glucose levels at 0.5 and 1.0 h and higher plasma insulin levels at 0.5 h versus control females. The insulin to glucose ratios are shown in Table 1 . In males, the ratios of the experimental group were significantly higher at all time points after the glucose load. For females, the only significant difference was at 0.5 h, where the experimental group was higher. Thirty-two rats from the experimental group and 33 from the control group were killed for in vitro adipocyte studies. Table 2 shows that the experimental animals had elevated plasma glucose and insulin levels when they were killed. Body weights, fat weight, and the ratio of fat weight to body weight in experimental males and females were higher than those in the controls. The total lipid content of samples taken from the experimental animals was significantly greater than that of controls. Also, mean fat cell sizes of both experimental males and females were greater than those of their respective controls.
INSULIN BOUND ( n g /lo5 Cells) The response to insulin-stimulated U-'4C-glucose conversion to C 0 2 by adipocytes is shown in Figure 3 . No significant differences were seen between the two groups of male rats. Experimental females, however, had lower baseline values as well as a significantly blunted response to insulin stimulation when compared with controls. Figure 4 shows U-14C-glucose conversion to triglycerides. Both male and female experimental animals showed a significantly lower response to insulin stimulation at all insulin concentrations used in the study. A similar pattern of reduced response to insulin was also observed with U-14C-glucose converted to fatty acids.
Representative adipocyte insulin receptor binding curves are shown in Figure 5 . The derived adipocyte insulin receptor binding characteristics are shown in Table 3 . At the primary binding site, both experimental males and fgiales have an increased affinity constant compared with controls. The binding capacity of the experimental animals was significantly reduced when compared with controls.
This study was designed to investigate the possible mechanism of abnormal glucose metabolism in offspring of rats rendered hyperglycemic during pregnancy. By using streptozotocin treatment to obtain mild maternal hyperglycemia in pregnant rats, we were successful in obtaining a colony of obese, hyperinsulinemic offspring (13, 14). The abnormal glucose tolerance test of the male and female experimental animals is consistent with our previous work (14). In the current study, we found that in the males the insulin response to the glucose challenge was elevated at all points during the'test and that this was associated with a normal glucose response. This was not the case for the female rats. This gender difference is of interest and the reason for it remains to be investigated.
Experimental animals had a higher ratio of fat weight to body weight than the controls ( Table 2 ). The data show that there was no difference in the total number of cells per g of tissue, however, the mean adipose cell size, as measured by lipid content, of experimental males and females was 2.5-3.0 times larger than that of control males and females, respectively. The differences in fat weightlbody weight ratios therefore are due primarily to increased lipid content in the obese animals, not increased adipocyte number.
The response to insulin stimulation in U-14C-glucose conversion to C 0 2 by experimental males was similar to that of control males (Fig. 3) . This is in agreement with previous finding of Olefsky (15) that large adipocytes of obese males have Krebs cycle activity that is relatively normal. Experimental females, however, seem to have a defect in glucose oxidation. There are significantly lower amounts of glucose converted to COz by their adipocytes at basal levels. They also exhibit lower amounts of CO2 evolved from glucose during incubation with increasing concentrations of insulin as compared with control females. This finding is consistent with the observation that the experimental male rats had a smaller rise in plasma glucose concentration during the oral glucose tolerance test than the experimental females in this and our previous studies (7, 14) . The gender difference is again of interest but the reason is unclear.
Glucose oxidation, however, represents only one of the pathways of glucose metabolism in adipocytes. Another is the conversion of glucose to triglyceride and fatty acid. In this respect, our data in the experimental group are consistent with those of others (16-19), which show reduced conversion of glucose to both triglyceride and fatty acid in both male and female subjects.
The decrease in glucose conversion by adipocytes of the experimental animals at 10 wk corresponds to the time when these animals first show glucose intolerance (7) . However, because the adipocytes of the obese animals have approximately three times as much lipid as those from controls, the insulin "resistance" demonstrated at this age is per cell surface area or volume. It may be necessary to follow these animals for a longer time to see insulin resistance on a per cell basis. It may also be that by 10 wk the obese animals are expressing a biochemical feedback mechanism to regulate triglyceride production to keep their already grossly enlarged adipocytes from expanding further. Several investigators have shown that enlarged adipocytes have a diminished acetyl CoA carboxylase content resulting in diminished fatty acid synthesis and a subsequent inhibition of pentose shunt pathway activity (17, (20) (21) (22) . Whether or not this mechanism is used by the obese animals in our study remains to be investigated.
Scatchard analysis (12) of the insulin receptor binding competition curves (Table 3) shows what previous investigators have seen (23, 24) -that the binding capacity at the high affinity site for both experimental males and females is significantly lower than for controls. This result was expected due to the elevated levels of plasma insulin in these animals. We have also shown that the affinity constants for the high affinity site are higher in the experimental animals. The consequences of a lower receptor
